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(E) Semiconductor laser using five-element compound semiconductor. 



A green light-emitting semiconductor laser using 
a superlatticG layer wherein BP layers and GaxAii. 
xN (0 ^ X ^ 1) layers are alternately stacked and 
each of the GaxAIi.xN-(0 ^ x ^ 1) layers has a zinc 
blende type crystal structure, or a GaxAJtyBLx-yNzPi.^ 
(0 ^ X. y, z ^ 1) mixed crystal layers with a zinc 
blende type structure a first clad layer (14) of a first 
conductivity type, an active layer (15), and a second 
clad layer (16) of a second conductivity type, to- 
gether constituting a double heterojunction. 
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Semiconductor laser using five-element compound semiconductor 



The present invention relates to a shortwave 
semiconductor laser using a new Group IH-V com- 
pound semiconductor material. 

As a consequence of the development of high- 
speed and high-density information processing 
systems, demand has arisen for the realization of a 
shortwave green-light semiconductor laser (LD). 

Group lll-V compound semiconductor materials 
having a wide band gap considered to be most 
suitable for realizing a green semiconductor laser 
include nitrides and phosphides of light Group III 
elements such as BN (4 or 8 eV). AlN (6 eV). GaN 
<3.4 eV). InP (2.4 eV). AlP (2.5 eV). and GaP (2.3 
and 2.8 eV). However, it is difficult to synthesize a 
high pressure phase (c-BN) having an sp3 bonding 
by using BN although BN has a sufficiently wide 
band gap. Furthermore, it is difficult to perform 
impurity doping by using BN. In addition. BN has 
three different polymorphisms and tends to form a 
mixture. For the above reasons, therefore, BN is 
not suitable. InN has an insufficiently wide band 
gap for the realization of a green laser and poor 
thermal stability. In addition, only a polycrystal can 
be normally obtained by using InN. The band gap 
of each of AlP and GaP is slightly Insufficient. 
AlN and GaN both have sufficiently wide band gap 
and good stability and therefore are suitable for 
shortwave light emission. However, the crystal 
structure of AlN and GaN is of a Wurzeite type (to 
be referred to as a WZ type hereinafter) and has 
high ionicity. Because of this, lattice defects easily 
occur, and thus a low-resistance p-type semicon- 
ductor cannot be obtained. 

With the aim of overcoming the above 
drawbacks, attempts have been made to obtain a 
material having a wide band gap by mixing B and 
N with a Group lll-V compound semiconductor 
which does not contain either of these materials. 
However, the lattice constant of a conventional lll-V 
compound semiconductor material differs from that 
of the material containing B and N by as much as 
20% to 40% and both materials also have different 
crystal structures. As a result, a stable crystal can- 
not be obtained. For example, in order to mix N in 
Gap. the mixing ratio of N to GaP was 1% or less. 
Consequently, a sufficiently wide band gap cannot 
be obtained. 

According to studies carried out by the present 
inventors, a low-resistance p-type crystal cannot be 
obtained by use of GaN or AIN essentially be- 
cause due to their high ionicity. a defect can easily 
occur and because the crystal structure of GaN 
and AlN is not a Zinc Blende type (to be referred 
to as a ZB type hereinafter) but rather a WZ 
structure. 



As described above, no conventional semicon- 
ductor material satisfies the requirements for realiz- 
ing a green semiconductor laser, i.e.. a wide band 
gap of. for example. 2.7 eV. p and n conductivity 

5 ' " type control, and good crystal quality. Although a 
nitride such as AlN or GaN is a suitable material 
for obtaining a wide band gap. a low-resistance p- 
type layer cannot be obtained therefrom. 

Accordingly, it is an object of the present in- 

70 vention to provide a green semiconductor laser by 
use of a new five-element Group lll-V compound 
semiconductor material. 

In order to achieve the above object, a semi- 
conductor laser according to the present invention 

75 comprises: 
a substrate; 

a first clad layer, of a first conductivity type, formed 
on the substrate directly or via a buffer layer and 
constituted by a superlattice layer wherein BP lay- 

20 ers and GaxAli.xN (0 ^ x S 1) layers are alternately 
stacked and each of the GaxAli.xN (0 ^ x ^ 1) 
layers has a zinc blende type crystal structure; 
an active layer formed on the first clad layer and 
constituted by a superlattice layer wherein BP lay- 

25 ers and GaxAli.xN (0 ^ x S 1) layers are alternately 
stacked and each of the GaxAli-xN (0 ^ x ^ 1) 
layers has a zinc blende type crystal structure; and 
a second clad layer, of a second conductivity type, 
formed on the active layer and constituted by a 

30 superlattice layer wherein BP layers and GaxAli.xN 
(0 ^ X ^ 1) layers are alternately stacked and each 
of the GaxAl,.xN (0 ^ x ^ 1) layers has a zinc 
blende type crystal structure. 

Alternatively, a semiconductor laser according 

35 to the present invention comprises: 
a substrate: 

a first clad layer, of a first conductivity type, formed 
on the substrate directly or via a buffer layer and 
consisting of a Gai^^lyB^.^.yU^P uz (0 ^ x. y. z ^ 1) 
40 mixed crystal layer having a ZB type crystal struc- 
ture; 

an active layer formed on the first clad layer and 
consisting of a GaxAlyBi.x.yNjPi.z (0 ^ x. y, z ^ 1) 
mixed crystal layer having a ZB type crystal struc- 

45 ture; and 

a second clad layer, of a second conductivity type, 
formed on the active layer and consisting of a 
GaxAlyBi.x.yNzPi.2 (0 g X, y. z ^ 1) mixed crystal 
layer having a ZB type crystal structure. 

50 On the basis of extensive studies carried out 

by the present inventors, it has been found that if a 
crystal originally having a WZ structure is grown on 
a crystal having a stable ZB structure, the ZB 
structure is maintained to a certain thickness. For 
this reason, the present invention employs a mul- 
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tiiayered structure (superlattice) obtained by alter- 
nately stacking a plurality GaxAZi.xN (0 ^ x ^ 1) 
layers and BP layers having substantially the same 
bond lengths, a ZB structure, and low ionlcity, and 
which permits ease of p and n conductivity type 
control. The resulting superlattice layer is a com- 
pound semiconductor material of a ZB structure 
having properties of GaxAli.xN - i.e., it is a direct 
transition type and has a wide band gap -and 
properties of BP i.e., it has a low ioniclty, and 
thus a defect is less likely to occur. By using this 
semiconductor material to constitute a double 
heterojunction portion, a green semiconductor laser 
can be realized. 

It has been conventionally held that a ther- 
modynamically stable lll-V mixed compound semi- 
conductor materials cannot be obtained when com- 
binations of III group elements. I.e., B and Ga. AX 
or In, or combinations of V group elements. I.e., N 
and P or As are included. On the basis of to other 
studies carried out by the present inventors, it was 
found that when relatively large amounts of B and 
N are mixed at the same time, a stable mixed 
crystal can often be obtained by using the above 
combinations. When this mixed crystal is observed 
by a transmission electron microscope, an ordering 
in which selective bonds of Ga-N and B-P are 
alternately aligned is found. That is. It Is found that 
since Ga-N and B-P bonds are produced, the total 
energy of the mixed crystal Is reduced and render 
It stable. From this, it should be apparent that in 
order to obtain a stable mixed crystal, the lattice 
constants or lattice types do not have to be the 
same; however, it is important that bond lengths be 
substantially equal to each other. A semiconductor 
laser according to the present Invention, therefore, 
a double heterojunction portion constituted by us- 
ing a compound semiconductor material in which, 
in a GaxAlyBi-x-yNzPi.z nnixed crystal, a composi- 
tion is preferably x + y - 2 and an ordering of B-P 
and Ga-N or Al-N Is structurally produced. With 
this arrangement also, a green semiconductor laser 
can be realized. 

This Invention can be more fully understood 
from the following detailed description when taken 
In conjunction with the accompanying drawings, in 
which: 

Fig. 1 is a sectional view showing a semi- 
conductor laser using a GaxAii.xN/BP superiattice 
layer according to an embodiment of the present 

invention; 

Fig. 2 Is a view showing an an-angement of 
an MOCVD apparatus used to manufacture the 
semiconductor laser shown in Fig. 1 ; 

Fig. 3 is a sectional view showing a semi- 
conductor laser according to another embodiment 
using a GaxAl^xN/BP superiattice layer; 

Rg. 4 Is a sectional view showing a semi- 



conductor laser according to still another embodi- 
ment using a GaxAXyBLx.yNzPi.z mixed crystal lay- 
er; 

Fig. 5 is a sectional view showing a semi- 
5 conductor laser according to still another embodi- 
ment from which a buffer layer is omitted; 

Fig. 6 is a sectional view showing a semi- 
conductor laser according to still another embodi- 
ment using a GaxAXi.xN/BP superlattice layer as a 
70 buffer layer; 

Fig. 7 is a sectional view showing a semi- 
conductor laser according to still another embodi- 
ment using an SiC substrate; 

Figs. 8 to 10 are sectional views each show- 
75 ing a semiconductor laser according to still another 
embodiment using an AXuBt.uNvPi.v layer as a cur- 
rent blocking layer; 

Figs. 11 to 13 are sectional views each 
showing a semiconductor laser according to still 
20 another embodiment using a GaN layer as a cur- 
rent blocking layer; 

Figs. 14 to 17 are sectional views each 
showing a semiconductor laser according to still 
another embodiment in which intermediate buffer 
25 layers are formed on the upper and lower surfaces 
of a clad layer; 

Figs. 18 to 21 are sectional views each 
showing a semiconductor laser according to still 
another embodiment in which Intermediate buffer 
30 layers are formed on the upper and lower surfaces 
of a clad layer; 

Figs. 22 and 23 are sectional views showing 
semiconductor lasers according to other embodi- 
ments in which the arrangements shown in Figs. 14 
3S and 18, respectively, are slightly modified; 

Figs. 24 to 26 are sectional views each 
showing • a semiconductor laser according to still 
another embodiment from which a substrate is re- 
moved; 

40 Figs. 27 to 29 are sectional views each 

showing a semiconductor laser according to still 
another embodiment from which an n-type current 
blocking layer is omitted; and 

Figs. 30A and 30B are views each for ex- 

45 plaining a selective doping method effective in the 
present invention. 

Fig. 1 is a sectional view showing a green 
semiconductor laser according to an embodiment 
of the present Invention. In Rg. 1, a composition 

so ratio of each semiconductor layer is not shown. 
This will apply to all the drawings. 

Referring to Rg. 1 . an n-type GaP buffer layer 
12 and an n-type BP buffer layer 13 are stacked on 
an n-type GaP substrate 11. A first clad layer 14 

55 consisting of an n-type GaxAXt.xN/BP superlattice 
layer, an active layer 15 consisting of an undoped 
GaxAXi.KN/BP GaxAXvxN/BP superlattice layer, and 
a second clad layer 16 consisting of a p-type 
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GaxAIvxN/BP superlattice layer are sequentially 
stacked on the n-type BP buffer layer 13. A conn- 
position ratio of tlie active layer 15 is set to be 
different from that of the first and second clad 
layers 14 and 16. so that a double heterojunction in 
which a band gap of the active layer 15 is narrower 
than that of the first and second clad layers 14 and 

16 is constituted. For example, assume that x = 
0.4 in the clad layers 14 and 16 while x = 0.5 in 
the active layer 15. In this case, the band gap of 
the clad layers 14 and 16 is 3.0 eV while that of the 
active layer 15 is 2.7 eV. thereby forming a double 
heterojunction. An n-type BP current blocking layer 

17 is selectively formed outside a stripe portion at 
a central portion serving as a current path on the p- 
type clad layer 16. A p-type BP contact layer 18 is 
formed on the current blocking layer 17 and the 
stripe p-type clad layer 16. A p-side metal elec- 
trode 19 is formed on the surface of the contact 
layer 18. while an n-side metal electrode 20 is 
formed on the substrate 11. In this semiconductor 
laser, the n-type BP current blocking layer 17 is 
formed around a lower projecting portion of the 
contact layer 18. thereby forming a current bloc- 
king structure and an optical guide structure in a 
self-alignment manner. 

This semiconductor laser is manufactured by 
using a metal organic chemical vapor deposition 
(MOCVD) method. This manufacturing method will 
be described in detail below. 

Fig. 2 shows a metal organic chemical vapor 
deposition (A^OCVD) apparatus having a plurality of 
reaction tubes, used in the above embodiment. 
Quartz reaction tubes 21. 22. and 23 are vertically 
mounted on a chamber 24 to extend through its 
upper cover. Necessary source gases are supplied 
in the chamber 24 from gas inlet ports of the tubes 
21. 22. and 23. A substrate 25 is placed on a 
graphite susceptor 26 to oppose the openings of 
the tubes 21. 22. and 23. The susceptor 26 is 
mounted on a quartz holder 28 connected to a 
driving shaft 29. The shaft 29 is sealed by a 
magnetic fluid seal and extends through the bottom 
of the chamber 24. The susceptor 26 is driven by a 
motor (not shown) controlled by an externally in- 
stalled computer. That is, the susceptor 26 which is 
driven by the shaft 29 can move circularly at high 
speed under the tubes 21. 22. and 23 arranged on 
the circumference of the circular motion. An RF 
coil 27 for heating the substrate 25 is located 
outside the chamber 24. A thermocouple 30 is 
arranged at a central portion of the susceptor 26 to 
measure a temperature immediately below the sub- 
strate 25. A slip ring is used as a cord portion of 
the thermocouple 30 in order to prevent distortion 
due to rotation. A reaction gas is pushed by a fast 
down-flow of hydrogen gas from an upper injection 
port 31 and exhausted from an exhaust port 32 by 



a rotary pump while mixing of the two gases is 
minimized. 

By using the MOCVD apparatus having the 
above arrangement, desired source gases are 

5 flowed through the reaction tubes 21. 22. and 23. 
and the substrate 25 is moved by the computer- 
controlled motor, thereby manufacturing a multi- 
layered structure having an arbitrary stacking pe- 
riod and an arbitrary composition on the substrate 

70 25. In this system, a sharp concentration change 
not obtained by a gas switching system can be 
easily realized. In addition, in this system, gases 
need not be switched at high speed In order to 
manufacture a steep hetero interface. Therefore, a 

75 problem of a low decomposition rate of a source 
gas such as NH3 or PH3 can be solved by setting 
a low gas flow rate. 

The semiconductor laser shown in Fig. 1 was 
manufactured by using the above MOCVD appara- 

20 tus. The source gases were trimethylaluminum 
(TMA), trimethylgallium (TMG). triethylboron (TEB), 
ammonia (NHa), and phosphlne (PHa). The sub- 
strate temperature was 850"C to 1.150*C. the 
chamber inner pressure was 0.3 atm.. the total flow 

25 rate of source gases was 1 l/min. and the gas flow 
rate was set to obtain a growth rate of 1 iinrVh. 
Schematical gas flow rates were such that TMA: 1 
X 10"^ mol/min, TMG: 1 x lO""^ mol/min, TEB: 1 
X 10"^ mol/min. PH3: 5 x 10"* mol/min. and NH3: 

30 1 X 10~3 mol/min. Mg and Si were used as p- and 
n-type dopants, respectively. Doping of these im- 
purities was performed by mixing silane (SIHa) and 
cyclopentadienylmagnesium (CP2Mg) in source 
gases. 

35 In order to form a Ga^Alt.xN/BP superlattice, a 

typical stacking period is 20 A. and a typical thick- 
ness ratio of a Ga^AlLxN layer to a BP layer is 1 : 
1. Therefore, these values were set in all the em- 
bodiments to be described below. Although another 

40 composition may be used. If a film thickness ratio 
of the Ga>cAli.xN layer to the BP layer of a double 
heterojunction portion, a band structure changes 
from a direct transition type to an indirect transition 
type, thereby reducing light emission efficiency. In 

45 addition, although the stacking cycle is not limited 
to the above value, if it exceeds 50 A. holes are 
significantly localized to reduce a conductivity. 
Therefore, the stacking cycle is preferably set to 
be 50 A or less. 

50 Formation conditions of the device shown in 

Fig. 1 will be described in detail below. The Si- 
doped GaP substrate 11 and has a carrier con- 
centration of 1 X lO^^/cm^. The Si-doped n-type 
GaP buffer layer 12 having a carrier concentration 

55 of 1 X 10^8/cm3 and a thickness of 1-um is formed 
on the substrate 11. and the Si-doped n-type BP 
buffer layer 13 having a carrier concentration of 1 
X 10^'/cm3 and a thickness of 1 urn is subse- 
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quently formed thereon. An Si-doped 
Gao.4Alo.6N/BP superlattice layer having a carrier 
concentration of 1 x lO^^/cm^ and a thickness of 1 
um Is formed as the n-type fir$t clad layer 14 on 
the BP buffer layer 13, an undoped Ga0.sAI0.5N/BP 
superlattice layer having a thickness of 0.1 um is 
formed as the active layer 15, and an Mg-doped 
Gao.4AJto.6N/BP superlattice layer having a carrier 
concentration of 1 x lO^^/cm^ and a thickness of 1 
um Is formed as the p-type second clad layer 16. 
As a result, a double heterojunction structure is 
obtained. 

The p-type BP current blocking layer 17 is 
selectively formed on the p-type second clad layer 
16. More specifically, an Si02 film (not shown) 
having a 5-um wide stripe pattern Is formed on the 
second clad layer 16 by thermal decomposition of 
silane gas and photolithography. The n-type BP 
current blocking layer 1 7 is selectively formed only 
on the exposed clad layer 16 by the MOCVD 
method. The current blocking layer 17 Is Si-doped 
and has a carrier concentration of 1 x 10'^/cm^ 
and a thickness of 1 um. Thereafter, the Si02 film 
is removed, and the p-type BP contact layer 18 
(Mg-doped, carrier concentration = 1 x 10^ ^/cm^ 
and thickness = 1 um). The electrode 19 consist- 
ing of Au/Zn is formed on the contact layer 1 8 by a 
normal electrode formation step, and the electrode 
20 consisting of Au/Ge Is formed on the lower 
surface of the substrate. 

The semiconductor laser wafer obtained as de- 
scribed above was cleaved to constitute a laser 
device having a cavity length of 300 um. It was 
confirmed that this laser device performed green 
laser oscillation by a pulse operation having a 
pulse width of 100 usee at a liquid nitrogen tem- 
perature. The threshold current density of laser 
oscillation was about 50 kA/cm^. 

Fig. 3 shows a green semiconductor laser ac- 
cording to another embodiment of the present in- 
vention obtained by modifying the arrangement 
shown in Fig. 1. The arrangement shown in Fig. 3 
is the same as that shown in Fig. 1 except that a p- 
type second clad layer 16 is selectively etched to 
form a stripe-like projecting portion on its central 
portion and a current blocking layer 17 consisting 
of an n-type BP layer is formed around the projec* 
ting portion. 

In this embodiment, since the second clad lay- 
er 16 is formed to have the projecting portion, a 
refractive index difference is formed equivalently in 
a transverse direction. As a result, good transverse 
mode control is performed. Also in this embodi- 
ment, a laser device having a cavity length of 300 
um was constituted to obtain substantially the 
same characteristics. The threshold current density 
of laser oscillation was about 70 kA/cm^. Although 
the threshold current density was slightly high, a 



far field pattern having a single peak was con- 
firmed, I.e., good transverse mode control was per- 
formed. 

Fig. 4 shows a semiconductor laser according 
5 to still another embodiment in which a GaxAlyBi.x. 
yNzPi.2 mixed crystal layer is used instead of a 
GaA IN/BP superlattice layer to form a double 
heterojunction portion. That Is, the arrangement 
shown in Fig. 4 Is the same as that shown in Fig. 3 

TO except that a GaxAlyB^.x-yNzPi-z mixed crystal lay- 
er, an undoped GaxAlyBi.x.yNjPi.z mixed crystal 
layer, and a GaxAZyBi.x.yN^Pi.^ mixed crystal layer 
are used as an n-type first clad layer 41, an active 
layer 42. and a p-type second clad layer 43. re- 

75 spectively. Since a mixed crystal composition of 
the first and second clad layers 41 and 43 differs 
from that of the active layer 42. different band gaps 
are obtained to constitute a double heterojunction. 
This semiconductor laser is manufactured fol- 

20 lowing substantially the same procedures as In 
each of the above embodiments by using the 
MOCVD apparatus shown in Fig. 2. In the manufac- 
ture, the movement of a substrate Is stopped upon 
formation of the mixed crystal layers, and all nec- 

25 essary source gases are introduced from a single 
reaction pipe. In addition, in order to prevent a 
mutual reaction between the reaction gases, the 
source gases for mixed crystal growth are mixed 
immediately before the reaction pipe, and the 

30 growth is performed at a low pressure. Growth 
conditions such as the source gases, the flow rates 
of the source gases, and the substrate temperature 
are substantially the same as those in the above 
embodiments. 

35 The detailed device formation conditions are as 

follows. That Is, the n-type GaP substrate 1 1 is Si- 
doped and has a carrier concentration of 1 x 
10'8/cm3, the n-type GaP buffer layer 12 is Si- 
doped and has a carrier concentration of 1 x 

40 lO^^/cm^ and a thickness of 1 um. and the n-type 
BP layer 13 is Si-doped and has a carrier con- 
centration of 1 x 10^ '/cm^ and a thickness of 1 
um. The n-type first clad layer 41 , the active layer 
42. and the p-type second clad layer 43 are a 

45 Gao.2Alo.3Bo.5No.5Po.5 mixed crystal layer (Si-dop- 
ed, carrier concentration - 1 x 10' ^/cm^ and thick- 
ness = 1 um), an undoped Gao55AXo.25Bo.5No.5Po.5 
mixed crystal (thickness 0.1 um), and a 
Gao.2Ato.3Bo.5No3Pos mixed crystal layer (Mg-dop- 

50 ed, carrier concentration = 1 x lO'^/cm^ thickness 
= 1 um). Although a current blocking structure, an 
optical wave, and electrodes are the same as those 
in the embodiment shown in Fig. 3. they may be 
the same as those In the embodiment shown in 

55 Fig. 1. 

The obtained laser wafer was cleaved to form a 
laser device having a cavity length of 300 um. As a 
result, green laser oscillation was confirmed by a 
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pulse operation having a pulse width of 20 iim at a 
liquid nitrogen temperature. 

Fig. 5 shows still another embodiment of the 
present invention. This embodiment has the same 
arrangement as that of the embodiment shown In 
Fig. 3 except that buffer layers 12 and 13 between 
a substrate 11 and a double heterojunction portion 
are omitted. That is. the buffer layers are not 
essential but can be omitted as needed. 

The present invention, however, has a problem 
in that no suitable substrate is present so as to 
have the same lattice constant as that of the semi- 
conductor material of the double heterojunction 
portion of the semiconductor laser. For this reason, 
a large stress acts on the double heterojunction 
portion In accordance with growth conditions, or a 
dislocation occurs due to a lattice constant dif- 
ference, resulting in a problem of reliability. In view 
of this, substrate buffer layers are preferably 
formed. Still another embodiment of the present 
invention in which the problem of lattice constant is 
further taken into consideration will be described 
below. 

Fig. 6 shows a semiconductor laser according 
to such an embodiment. This embodiment has the 
same arrangement as that of the embodiment 
shown in Fig. 3 except that a portion of the n-type 
BP buffer layer 13 is substituted by an n-type 
buffer layer 51 having a GaxAlyBi.x.yN2P,.2 mixed 
crystal layer having a different composition. A 
GaxAli-xN/BP superlattice layer having a different 
composition may be used as the n-type buffer 
layer 51 . 

Fig. 7 shows still another embodiment of the 
present invention. This embodiment has the same 
arrangement as that of the embodiment shown in 
Fig. 3 except that an SiC substrate having a lattice 
constant closer to that of the material of the double 
heterojunction portion is used in a portion of the 
GaP substrate 11 and the GaP buffer layer 12. 

In the above embodiment, stress concentration 
on the double heterojunction portion or occurrence 
of a dislocation can be prevented. In addition. In 
each of the above embodiments, a suitable tem- 
perature cycle may be effectively given during 
formation of the BP buffer layer 12 to absorb the 
stress. Further, it is possible to grow a thick BP 
layer on a substrate, followed by removing the 
substrate. Still further, it is possible to off-cut Si so 
as to provide a suitable substrate. 

In the above embodiments, the BP layer is 
used as the current blocking layer. The BP layer, 
however, is opaque with respect to a light emission 
wavelength to cause a large loss, thereby increas- 
ing a threshold current density. In addition, an 
astigmatism is increased when a high output is 
required. Furthermore, it is important that the car- 
rier concentration of the current blocking layer is 



sufficiently high. Since, however, it is difficult to 
perform n-type high-concentration doping in the BP 
layer, no sufficiently high carrier concentration can 
be obtained. These problems can be solved by 
5 using a WZ type crystal as the current blocking 
layer. 

Fig. 8 shows a semiconductor laser according 
to still another embodiment of the present invention 
as described above. This embodiment has the 

70 same arrangement as that of the embodiment 
shown In Fig. 1 except that a portion of the n-type 
BP current blocking layer 17 is substituted by an n- 
type GaxAJtyBLx-yNzPLj (0 :S x, y. z ^ 1) current 
blocking layer 81 . A device was formed by growing 

75 an Si-doped AI0.2B0.8N0.2P0.8 lay©"' having a carrier 
concentration of 1 = x 10*^ cm^ and a thickness 
of 1 um as the n-type GaxAlyBi.x-yNzPi.z current 
blocking layer 81 . 

When the cavity length of the obtained laser 

20 device was 300 um. green laser oscillation was 
confimned by a pulse operation having a pulse 
width of the 100 usee at a liquid nitrogen tempera- 
ture. The threshold current density of laser oscilla- 
tion was about 30 kA/cm^. An operation voltage 

25 was as low as about 5 V. 

In other embodiments shown in Figs. 9 and 10, 
a similar AtxBi,xNyPi.y current blocking layer 81 is 
applied to the embodiments shown In Figs. 3 and 
4. The similar effects can be obtained by these 

30 embodiments. In addition, the similar effects can 
be obtained by mixing Ga in WZ type AlxBi-xNyPi. 

y 

Still another embodiment In which a WZ type 
GauAli.uN layer (0 g u ^ 1) is used as the current 

35 blocking layer will be described below. The WZ 
type GayA^LuN has a high transparency, and its 
crystal can be easily grown at a high rate. There- 
fore, in the semiconductor laser of the present 
invention, the WZ type GauAlvuN is very effective 

40 as the current blocking layer. 

Fig. 1 1 shows still another embodiment of the 
present invention as described above in which a 
portion of the n-type BP current blocking layer 17 
of the embodiment shown In Fig. 1 is substituted 

45 by an n-type GaN current blocking layer 91. Manu- 
facturing steps of this embodiment are basically 
the same as those of the embodiment shown in 
Fig. 1. More specifically, an Si-doped GaN layei- 
having a carrier concentration of 1 x lO^^/cm^ and 

50 a thickness of 1 am is used as the current blocking 
layer 91 to form a laser device having a cavity 
length of 300 um. Green laser oscillation was con- 
firmed by a pulse operation of the obtained laser 
device having a pulse width of 100 usee at a liquid 

55 nitrogen temperature. The threshold current density 
of laser oscillation was about 30 kA/cm^. In addi- 
tion, It was confirmed that good transverse mode 
control was performed, and an operation voltage 
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was as low as about 5 V. Furthermore, an astig- 
matism was 10 urn which is much smaller than 30 
um obtained when BP was used as the current 
blocking layer. 

Figs. 12 and 13 show other embodiments in 
which the n-type GaN current blocking layer 91 is 
applied to the arrangements of the embodiments 
shown in Figs. 3 and 4, respectively. The same 
effects can be obtained by these embodiments. 

A GaxAti.xN/BP superlattice layer or a 
GaxAlyBvx-yNzPi.a mixed crystal layer can be used 
as the current blocking layer. 

In the above embodiments, the first and sec- 
ond clad layers consisting of a Ga^AlLxN/BP 
superlattice layer or a GaxAlyBvx-yNzPi.z mixed 
crystal layer are arranged such that the upper 
second clad layer is brought into contact with the 
BP contact layer and the lower first clad layer is 
brought Into contact with the BP buffer layer. Since 
the BP layer has a narrower band gap than that of 
the GaxAlvxN/BP superlattice layer or the 
GaxAIyBi.x.yNzPi.2 mixed crystal layer, a potential 
ban'ier Is formed between the two layers. This 
potential barrier Increases the laser oscillation 
threshold current density or the operation voltage 
of the device. Therefore, it is effective to form an 
intermediate buffer layer for smoothly transiting the 
band gap between the two layers. An embodiment 
of this type will be described below. 

Fig. 14 is a semiconductor laser according to 
still another embodiment of the present invention 
as described above. This embodiment has sub- 
stantially the same arrangement as that of the 
embodiment shown in Fig. 1 except that a first 
intermediate buffer layer 101 consisting of an n- 
type GaxAIvxN/BP superlattice layer is formed be- 
tween an n-type BP buffer layer 13 and a first clad 
layer 14 consisting of an n-type GaxAJti.xN/BP 
superlattice layer, and a second intermediate buffer 
layer 102 consisting of a p-type GaxAl,.xN^BP 
superlattice layer is similarly formed between a 
second clad layer 16 consisting of a p-type 
GaxAli.xN/BP superlattice layer and a p-type BP 
contact layer 18. 

A device manufacturing method and manufac- 
turing conditions are basically the same as those of 
the embodiment shown in Fig, 1. More specifically, 
when the first clad layer 14 is an Si-doped 
Gao.4Alo.6N/BP layer having a carrier concentration 
of 1 X 10^^/cm3. the first intermediate buffer layer 
101 is an Si-doped Gao.sAio.zN/BP superlattice lay- 
er having a carrier concentration of 1 x lO'^/cm^ 
and a thickness of 0.1 um. When the second clad 
layer 14 Is an Mg-doped Gao.4Alo.6N/BP layer hav- 
ing a carrier concentration of 1 x lO^^/cm^. the 
second intermediate buffer layer 102 is an Mg- 
doped Gao.8Alo.2N/BP superlattice. 

Also in the device of this embodiment, green 



laser oscillation was confirmed at a liquid nitrogen 
temperature, and a low threshold current density 
and a low operation voltage were obtained. 

Fig. 15 shows still another embodiment of the 

6 present invention in which intermediate buffer lay- 
ers 101 and 102 consisting of . the same superlat- 
tice layers as those of the embodiment shown in 
Fig. 14 is applied to the device of the embodiment 
shown In Fig. 3. Also in this embodiment, similar 

10 green laser oscillation can be obtained. 

Figs. 16 and 17 show other embodiments In 
which portions of the intermediate buffer layers 1 01 
and 102 in Figs. 14 and 15 are substituted by 
intermediate buffer layers ill and 112 each con- 

is sisting of a GaxAlyBi.x.yN2Pi.z mixed crystal layer, 
respectively. 

The above methods of forming an Intermediate 
buffer layer are naturally effective when a 
GaxAlyBi.x.yNzPi.2 mixed crystal layer is used as 

20 the clad layer and the active layer. In this case, a 
GaxAli.xN/BP superlattice layer or a GSxAlyBi.x- 
yN2Pi.2 mixed crystal layer may be used as the 
intermediate buffer layer. 

Figs. 18 to 21 show other embodiments In 

25 which intermediate buffer layers corresponding to 
those shown in Figs. 14 to 17. respectively, are 
formed when a mixed crystal layer is used as a 
clad layer and an active layer. More specifically. In 
each of the embodiments shown in Figs. 20 and 

30 21. when an n-type clad layer 41 and a p-type clad 
layer 43 are Gao.zAloaBo.sNo.sPo.s mixed crystal 
layers, a first intermediate buffer layer 111 is an Si- 
doped Gao.4Alo.iBo.5No.5Po.5 mixed crystal layer 
having a carrier concentration of 1 x lO^^/cm^ and 

35 a thickness of 0.1 u.m, and a second intermediate 
buffer layer 112 is an Mg-doped 
Gao.4Alo.iBo.5No.sPo.s mixed crystal layer having a 
carrier concentration of 1 x lO'^/cm^ and a thick- 
ness of 0.1 um. A device manufacturing method is 

40 basically the same as the embodiment shown in 
Fig. 4. 

By these embodiments, the same effects as 
those of the above embodiments can be obtained. 
In each of the above embodiments in which the 

45 intermediate layers are formed in order to obtain a 
smooth band gap change, the second Intermediate 
buffer layer at the contact layer side is formed on 
only a current blocking region. The second inter- 
mediate buffer layer, however, can be formed on 

50 the entire surface of the clad layer. 

Figs. 22 and 23 show other embodiments as 
described above. Fig. 22 shows a modification of 
the embodiment shown in Fig. 14. in which an 
upper intermediate buffer layer 102 is formed on 

55 the entire surface of a second clad layer 16. Fig. 
23 shows a modification of the embodiment shown 
in Fig. 18, in which an upper Intermediate buffer 
layer 112 is formed on the entire surface of a 



7 



13 



EP 0 395 392 A2 



14 



second clad layer 16. A similar modification can be 
performed for the device shown in Fig. 16 or 20. 

In each of the above embodiments, regardless 
of whether a superlattice layer or a mixed crystal 
layer is used as the intermediate buffer layer, its 
average composition Is preferably changed in the 
film thickness direction. As a result, a band gap of 
the intermediate buffer layer continuously changes 
to effectively smooth a transition region of the band 
gap. 

As has been described above, the semicon- 
ductor laser of the present invention has a problem 
in that no suitable substrate with high quality for 
obtaining lattice alignment is available. In order to 
solve this problem, a method of removing a sub- 
strate used in crystal growth after the crystal 
growth is also effective In addition to the method of 
forming a buffer layer having the same quality as a 
light-emitting layer described in the above embodi- 
ments. 

Fig. 24 shows a semiconductor laser according 
to still another embodiment of this type. The semi- 
conductor laser of this embodiment Is formed in 
substantially the same manner as for the device of 
the embodiment shown in Fig. 1. and then a sub- 
strate 11 and a GaP buffer layer 12 are removed. 
Removal of the GaP substrate 11 and the GaP 
buffer layer 12 is performed by, e.g.. executing 
etching using 2% bromine methylalcohol solution 
after mechanical polishing. 

According to this embodiment, since the sub- 
strate and the buffer layer are removed, stress 
concentration on a light-emitting layer is reduced to 
realize a stable operation. More specifically, when 
a device having a cavity length of 300 um was 
formed in accordance with this embodiment, green 
laser oscillation was confirmed by a pulse opera- 
tion having a pulse width of 100 usee at a liquid 
nitrogen temperature. The threshold current density 
of laser oscillation was about 50 kA/cm^. Although 
no laser oscillation was confirmed at room tem- 
perature, stable light emission was confirmed for 
100 hours or more by an LED mode operation. 

Figs. 25 and 26 show other embodiments in 
which similar substrate removal is performed for 
the devices according to the embodiments shown 
in Figs. 3 and 4, respectively. The same effects 
can be obtained by these embodiments. 

In each of the above embodiments, a p-n junc- 
tion Is used to form a current blocking layer for 
performing current blocking. Current blocking, how- 
ever, can be performed without forming such a 
special current blocking layer. Still another embodi- 
ment of the present invention of this type will be 
described below. 

Fig. 27 shows a semiconductor laser according 
to such an embodiment. This embodiment has the 
same structure as that of the embodiment shown in 



Fig, 17 except that a p-type BP contact layer 18 is 
formed without forming an n-type BP current bloc- 
king layer 17. 

According to this method, since no selective 

5 growth step is required, manufacturing steps are 
simplified to lead to cost reduction. 

In this structure, no current flows through a 
region In which a p-type second clad layer 16 and 
the p-type BP contact layer 1 8 are directly brought 

10 Into contact with each other due to a large potential 
barrier caused by band discontinuity. Since a cen- 
tral stripe portion in which an intermediate buffer 
layer 102 consisting of a p-type GaxAli.xN/BP 
superlattice layer Is formed has smooth band tran- 

7*5 sition. a current flows therethrough. Therefore, also 
in this structure, current blocking is substantially 
performed. In addition, since the second clad layer 
16 is formed to have a stripe-like projecting portion, 
a refractive index difference is formed in the trans- 

20 verse direction to achieve an optical confinement 
effect. 

When a device having a cavity length of 300 
um was formed in accordance with this embodi- 
ment, green laser oscillation was confirmed by a 

25 pulse operation having a pulse width of 100 usee 
at a liquid nitrogen temperature. The threshold cur- 
rent density of laser oscillation was about 70 
kA/cm^. Although the threshold current density was 
high, it was confirmed that good transverse mode 

30 control was performed. An operation voltage was 
as low as about 5 V. 

Fig. 28 shows still another embodiment in 
which a similar current blocking structure is applied 
to the device of the embodiment shown in Fig. 21 . 

35 Similar laser oscillation can also be performed by 
this embodiment. In addition, a similar current bloc- 
king structure can be applied to the device shown 
In Fig. 15 or 19. 

Fig. 29 shows still another embodiment in 

40 which a p-type second clad layer 16 is not formed 
to have a stripe-like projecting portion. A p-type 
GaxAJti.xN/BP intermediate buffer layer 102 formed 
on the second clad layer 16 is selectively etched 
and patterned to have stripes, and a p-type BP 

45 ' contact layer 19 is formed on the entire surface of 
the layer 102. Also in this embodiment, current 
blocking is performed and laser oscillation can be 
performed although no optical confinement effect is 
obtained. Although not shown, a similar current 

so blocking structure can be applied to a device in 
which a mixed crystal layer is used in a double 
heterojunction portion or an Intermediate buffer lay- 
er. 

The compound semiconductor material for use 
55 in a light-emitting layer in a semiconductor laser of 
the present invention has poor ionlcity and a ZB 
structure of BP and a wide band gap of GaxAli.xN. 
Since, however, the material has a self-compensa- 
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tion effect in which N is removed when an acceptor 
impurity is doped in a GaxAXi.xN layer, it is difficult 
to perform high-concentration p-type doping. In or- 
der to solve this problem, it was found that an 
impurity can be effectively, selectively doped in 
only a BP layer having poor ionlcity upon formation 
of a p-type Ga^AlLxN/BP superlattlce layer. When 
a p-type impurity is doped in the entire GaxAl,. 
xN/BP superlattice layer, many defects occur in 
addition to the self-compensation effect in the 
GaxAI|.xN layer. As a result, a high carrier con- 
centration cannot be obtained as a whole. To the 
contrary, when a p-type impurity is selectively dop- 
ed in only a BP layer, no self-compensation effect 
or defect occur. As a result, many doped impurity 
components are effectively activated as carriers. 

Figs. 30A and 30B are schematic views for 
explaining doping methods of this type. Fig. 30A 
shows a p-type doping method, while Fig. 30B 
shows an n-type doping method. In each method, a 
superlattice structure in which a BP layer and a 
GaxAIi.xN layer are alternately stacked every pre- 
determined period is basically used. In Fig. 30A. 
however. Mg is doped in only the BP layer, while 
SI Is doped In only the GaxAti.xN layer in Fig. 30B. 

Growth of a superlattice structure semiconduc- 
tor layer and selective Impurity doping as de- 
scribed above can be performed by the MOCVD 
apparatus shown in Fig. 2. When the GaxAXi.xN/BP 
superlattice layer is to be formed under the same 
conditions as for superlattice layer formation in 
each of the above embodiments. Si is doped upon 
formation of a GaxAlt.xN layer In the case of an n- 
type, and Mg is doped upon formation of a BP 
layer in the case of a p-type. In the case of an n- 
type, Si can be simultaneously doped in the 
GaxAXt.xM layer and the BP layer. Since, however, 
BP has a very high effective mass, it Is not suitable 
for n-type doping. It was confirmed that a superlat- 
tice semiconductor film having a carrier concentra- 
tion on the order of x iC/cm^ can be obtained for 
both p- and n-types by this selective doping. 
Therefore, this selective doping is effective in the 
manufacture of the semiconductor laser of the 
present invention. 

Note that upon p-type doping, Mg may be 
slightly mixed in the GaxAlvxN layer. 

The present invention is not limited to the 
above embodiments. In the above embodiments, in 
order to form a double heterojunction by using a 
GaxAli.xN/BP superlattice layer, its composition ra- 
tio Is changed. In addition, when a GaxAJtyBi.x. 
yNjPi.z mixed crystal layer is used. Its average 
composition is changed. When a GaxAl^.xN/BP 
superlattice layer is used, a band gap can be 
changed by changing a film thickness ratio be- 
tween the GbxAIlxN layer and the BP layer. This 
can be similarly performed in order to change the 



band gap in an intermediate buffer layer. In each of 
the above embodiments, although x + y = 0.5 Is 
set when the average composition is represented 
by GaxAIyBi.x.yN2Pi.2 including the superlattice 

5 structure, another composition may be used in the 
present invention. In the case of a light-emitting 
layer, however, if x + y is smaller than 0.5. a band 
structure undesirably changes from a direct transi- 
tion type to an indirect transition type. 

10 In each of the above embodiments, a small 

amount of. e.g., In can be mixed as a Group IH 
element in addition to B, Ga, and At in order to 
improve lattice alignment between the GaxAii.xN 
layer and the BP layer. Similarly, As and Sb can be 

75 mixed as a Group V element. In addition, as a 
source gas, triethylgailium (TEG), triethylalumlnum 
(TEA), and trimethylboron (TMB) can be used as 
Ga, AX, and B sources, respectively. As the N 
source, an organic metal compound called an ad- 

20 duct such as Ga{G2H5)3'NH3, and Ga(CH3)3*N*- 
(CH3)3 can be used in addition to hydradine 
(N2H4). The Mg materials used in the present in- 
vention include, for example, octamethyl dla- 
luminum monomagnesium, Mg[AX(CH3)4]2. pen- 

25 tamethylaluminum magnesium. MgAX(CH3)5, 
isopropyl cyclopentadienyl magnesium, (i-CsHg)- 
2Cp2Mg. dimethyl cyclopentadienyl magnesium, I- 
(GH3)2Cp]2Mg, acetylacetone magnesium. 
(G5H702)2Mg, and dipivaloylmethyl magnesium. 

30 (CiiH902)2Mg. Furthermore, In the above embodi- 
ments, a first conductivity type is an n type and a 
second conductivity type is a p type. This relation- 
ship, however, may be reversed. Moreover, another 
material can be selected for the electrodes. Fur- 

35 ther, additional substrate materials can be used 
including, for example, those having a crystal struc- 
ture of tetragonal system such as Ti02 or sodium 
chloride type such as MnO. 

As has been described above, according to the 

40 present invention, a new five-element compound 
semiconductor material having a wide band gap 
and a ZB structure can be used to provide a 
practical green-light semiconductor laser. 

45 

Claims 

1. A semiconductor laser comprising: 
a substrate (11); 
50 a first clad layer (14), of a first conductivity type, 
formed on said substrate (11) directly or via a 
buffer layer (12, 13); 

an active layer (15) formed on said first clad layer 
(14); and 

55 a second clad layer (16), of a second conductivity 
type, formed on said active layer (15), 
characterized in that each of said first clad layer 
(14). said active layer (15), and said second clad 
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layer (16) is constituted by a superlattice layer 
wherein BP layers and GaxAJti.xN/BP (0 ^ x < 1) 
layers are alternately stacked and each of said 
GBxAIlxN (0 ^ X ^ 1) layers has a 2lnc blende 
type crystal structure. 

2. A laser according to claim 1. characterized 
in that the composition of each of said GaxAIi.xN 
(0 ^ X ^ 1) layers constituting said superlattice or 
the film thickness ratio of said GaxAti.xN (0 ^ x S 
1) layer to said BP layer of said active layer (15) is 
set to be different from those of said first and 
second clad layers (14. 16), and said active layer 

(15) has a narrower band gap than that of said first 
and second clad layers (14, 16). 

3. A laser according to claim 1. characterized 
In that a current blocking layer (17) of the first 
conductivity type, consisting of a GauAti.uN (0 S u 
S 1) layer or a BP layer, is selectively formed on 
said second clad layer (16) or formed on a region 
from which said second clad layer (16) has been 
partially removed. 

4. A laser according to claim 1, characterized 
in that a current blocking layer (17) of the first 
conductivity type, consisting of a GauAli-uN (0 ^ u 
S 1) layer or a BP layer. Is selectively formed on 
said second clad layer (16) or formed on a region 
from which said second clad layer (16) has been 
partially removed, and a contact layer (18) of the 
second conductivity type, consisting of a BP layer, 
is formed on said current blocking layer (17) and 
said second clad layer (16). 

5. A laser according to claim 4, characterized 
by further comprising an intermediate buffer layer 
(101. 102. Ill or 112). formed at least under said 
first clad layer (14) or on said second clad layer 

(16) . for smoothly changing a band gap of a region 
between the active layer (15) and the first or sec- 
ond clad layer (14, 16). 

6. A laser according to claim 5. characterized 
in that said intermediate buffer layer (101, 102) is 
constituted by a superlattice layer wherein BP lay- 
ers and GaxAl,.xN (0 ^ x ^ 1) layers are alternately 
stacked and each of said GaxAI,.xN (0 < x S 1) 
layers has a zinc blende type crystal structure, and 
the composition of each of said GaxAl^xN layers 
or the film thickness ratio of said GaxAlt-xN layers 
to said BP layer changes in a film thickness direc- 
tion. 

7. A laser according to claim 5. characterized 
in that said intermediate buffer layer (111. 112) 
consists of a multilayered structure of GaxAlyBi.x, 
yN^Pi-z (0 S X. y. 2 ^ 1). and the average composi- 
tion of said intermediate buffer layer continuously 
changes in a film thickness direction. 

8. semiconductor laser comprising: 
a substrate (11): 

a first clad layer (41). of a first conductivity type, 
formed on said substrate (11) directly or via a 



buffer layer (12, 13); 

an active layer (42) formed on said first clad layer 
(41). and 

a second clad layer (43). of a second conductivity 
5 type, formed on said active layer (42), 

characterized in that each of said first clad layer 
(41). said active layer (42), and said second clad 
layer (43) is constituted by a GaxAJlyBi.x.yN2Pi.2 (0 
S X, y, z ^ 1) mixed crystal layer having a zinc 
70 blende type crystal structure. 

9. A laser according to claim 8, characterized 
in that the average composition of said GaxAXyBi.x. 
yNzPi-z (0 ^ x. y, z ^ 1) Of said active layer (42) is 
set to be different from that of said first and second 

IS clad layers (41, 43). and said active layer (42) has 
a narrower band gap than that of said first and 
second clad layers (41 , 43). 

10, A laser according to claim 8, characterized 
in that a current blocking layer (17) of the first 

20 conductivity type, consisting of a GayAli-uN (0 ^ u 
g 1) layer or a BP layer, is selectively formed on 
said second clad layer (43) or formed on a region 
from which said second clad layer (43) has been 
partially removed. 

25 11. A laser according to claim 8. characterized 

in that a current blocking layer (17) of the first 
conductivity type, consisting of a GaxAIi.xN (0 ^ u 
^ 1) layer or a BP layer, is selectively formed on 
said second clad layer (43) or formed on a region 

30 from which said second clad layer (43) has been 
partially removed, and a contact layer (18) of the 
second conductivity type, consisting of a BP layer, 
is formed on said current blocking layer (17) and 
said second clad layer (43). 

35 12. A laser according to claim 11, character- 

ized by further comprising an intermediate buffer 
layer (101. 102. Ill or 112), formed at least under 
said first clad layer (41) or on said second clad 
layer (43), for smoothly changing a band gap of a 

40 region between the active layer (42) and the first or 
second clad layer (41 , 43). 

13. A laser according to claim 12. character- 
ized in that said intermediate layer (101. 102) is 
constituted by a superlattice layer wherein BP lay- 

45 ers and GaxAI^xN (0 S x ^ 1) layers are alternately 
stacked and each of said GaxAii.xN (0 ^ x ^ 1) 
layers has a zinc blende type crystal structure, and 
the composition of each of said GaxAli.xN layers 
or the film thickness ratio of said GaxAti.xN layers 

so to said BP layer changes in a film thickness direc- 
tion. 

14. A laser according to claim 12. character- 
ized in that said intermediate buffer layer (111. 
112) consists of a single-layered or a multilayered 

55 structure of GaxAlyBi-x-yN^PLz (0 ^ x, y. z ^ 1), and 
the average composition of said Intermediate buffer 
layer (ill. 112). consisting of the multilayered 
structure, continuously changes in a film thickness 
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